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ABSTRACT

Z-type hexagonal ferrite samples in which cobalt is partially substituted with iron,
Ba3Co2.,Fe24z,04O (x = 0, 0.2, 0.4, 0.6), were prepared by the ceramic process under a sintering
oxygen partial pressure, Po2= 21.3 or 101.3 kPa, at 1573 K. The influence of the substitution
ratio and oxygen partial pressure on the complex permeability was investigated by examining the
cobalt distribution over various cation sites in the Z-type structure with the neutron powder
diffraction analysis performed at 294 K (neutron wave length was 1.006A). The neutron
diffraction pattern was studied with the Rietveld method. A significant difference in the
preferential occupation of cobalt on various kind of cation sites was observed between the
samples obtained under Po2 = 21.3 and 101.3 kPa. Almost all cobalt atoms are on the 12k
octahedral site at the boundary between S- and R-blocks in the sample of x = 0, P0 2 = 21.3 kPa.
On the other hand, in the sample of x = 0, Po2 = 101.3 kPa, cobalt atoms are as well on other sites,
the 12k octahedral site at the boundary between S- and T-blocks, the 4e tetrahedral site in
S-block, the 2a octahedral site in T-block and the 2d five fold (trigonal bypiramid) site in
T-block.

INTRODUCTION

In recent years, rapid progress of information society has been promoting downsizing of
various electronic devices. In this trend, portable computer and mobile phone systems have been
prevailing and becoming cordless, which needs improvements in the device integration
technology and processing signals with much higher frequency (from MHz region to GHz).
Electromagnetic noises radiated from these devices must be also in GHz region, so that
obstruction and/or interference in normal operation are concerned [1]. Therefore,
electromagnetic noise absorbent materials effective even in the GHz band have been required.

Z-type hexagonal barium ferrite Ba3Co2FeuO4 , is a promising candidate material because of
its high permeability even at high-frequency region of GHz [2]. However, it is not easy to
prepare the Z-type hexaferrite material as a single phase. Impurities of Y- (Ba2Co2Fe120 22) and
W- (BaCo2Fe1602) phases easily occur and degrade resultant permeability because their intrinsic
permeabilities are lower than that of the Z-type. We investigated synthesis conditions for
obtaining single phase material of the Z-type hexaferrite varying temperature, oxygen partial
pressure and substitution ratio of cobalt for iron. We found that a higher oxygen partial
pressure and substitution of cobalt for iron are favorable for occurrence exclusively of the
Z-phase and then for higher permeability [3]. We examined neutron diffraction (ND) patterns
of the Z-phase samples by the Rietveld analysis in order to investigate sites occupied
preferentially by iron or cobalt ions. We have already reported the results on iron-substituted
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Z-type hexaferrite Ba 3Co2-aFe 24+.O41 (x = 0,0.2,0.4,0.6) sintered at Po2 = 101.3 kPa [4]. In
this paper, we report on results on the samples sintered at P0 2 = 21.3 kPa and compare them with
the previous results in order to study correlation between the permeability and the site occupation
preference.

EXPERIMENTAL

The samples with various compositions, Ba3Co2.Fe 24•.+O41 (x = 0, 0.2, 0.4, 0.6) were
prepared by the ceramic method as already reported [4]. Stoichiometric amounts of BaCO3,
Co3 O4 and Fe20 3 powders were mixed in a ball-mill with deionized water for 24 hours. They
were dried and calcined at 1273K in air, crushed and shaped into pellets. They were then sintered
at 1573 K for 16 hours under an oxygen partial pressure of 21.3 or 101.3 kPa. Their X-ray
diffraction (XRD) patterns were measured in the range of diffraction angle 20= 15 -100° at
intervals of 0.020. The neutron diffraction (ND) patterns at 294K were obtained by using the TAS
spectrometer in a double axis mode at the beam line of KUR-TAS-B2 in Kyoto University
Research Reactor. The sample powder was set in a vanadium cylindrical container with 20-mm
diameter. The neutron flux at the sample position was about 10cm'2s. The diffraction angle 20
was traced in the range of 7.5 - 42.5°. Its angle step 422,vas 0.10 and the measured time at each
step was 90 s. These XRD and ND diffraction patterns at room temperature were examined
with the Rietveld method analysis in order to optimize parameters regarding the crystal
structures [5]. The XRD data was first analyzed for determining atomic coordinates and lattice
parameters, and then the ND pattern was analyzed for determining the distribution of magnetic
ions Fe and Co.

CRYSTAL STRUCTURE OF Z-TYPE HEXAGONAL FERRITE

The crystal structure of the Z-type hexagonal ferrite, Ba 3Co2Fe24041, is a complex one which
consists of 44 atomic layers stacking up along the c-axis. In this structure, S, R and T blocks are
ordered as RSTSR*S*T*S*, where the asterisk indicates rotation of each block by 1800 around
the c-axis. Figure 1 describes a part of atomic arrangement on (110) plane, in which iron and
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Figure 1. Partial schematic illustration of atomic sites in Z-type hexagonal ferrite as a view from
[110] direction. Attached labels are mentioned in the text.
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cobalt, represented as Me, are not distinguished. Me4 and Me8 sites are respectively on
boundaries of T-S and S-R and labeled bi and b2. Attached marks to the labels, -A, -B and -5,
show that each Me ion are in tetrahedral, octahedral, and five fold (trigonal bypiramid) sites,
respectively. The crystal structure is represented by a space group of P63/mmc, and, ideal atomic
coordinates and lattice parameters were reported as a = 5.88 A, c = 52.31 A by Vimnik [6].
Atomic coordinates of Ba, Me (Co and Fe) and 0 given by this space group ame tabulated in
Table 1. Ba ions are distributed over two sites labeled Bal and Ba2, and iron and cobalt ions over
ten sites labeled Mel -MelO [7].

RESULTS AND DISCUSSION

First, we performed XRD pattern refinement starting with the ideal atomic coordinates
tabulated in Table 1. In this refinement, we have imposed several restrictions on performing
refinements; (1) only Z-coordinates are allowed to change, while X- and Y-coordinates are kept
constant. (2) two sites on a plane normal to c-axis share a Z-coordinate; Bal-Ol, 02-03, 04-05,
06-07 and 08-09. (3) atomic coordinates of Ba2, Mel, MelO and 010 are kept constant in
order to conserve the crystal symmetry. Mel-MelO sites for iron or cobalt ions are assumed to

Table 1. Initial Atomic coordinates of Z-type hexagonal ferrite and Results of the
Rietveld for X-ray and Neutron Diffraction of P0 2 = 21.3 kPa.

Will]alawnic
Space group P6V nc co odfttes of Refined stnicurai parameters for BaCo2.YezO,O,

______FV4,41 X-0 x .= 0.2 f x-0.
4  

x = 0.6
SIteSs•esoipion 0 5.u (A) 5.6774 5.9791 5.8796 5.6791
Sites Des_______ 52.31 (A) 32.2"9 32.255 52242 52.236

Libel Wyckoff Block A y2 ......

spia ar. km _ XRD ND XRD ND XRD ND XRD ND
Mel-B at 2. 0 0 0 0 0 0 0 0 0 0 0
Me2-A I 4f T 1/3 213 .0341 ,0331(9) .0299(I) .0348(9) .0339(3) .0363(9) .0296Q5) .0360)4) .0364(9)
Me3-. I 4e T 0 0 .0454 .0556(I) .0605(3) .05353) .0"W9) .0530X9) .0543(9) .056642) .0566(9)_3Me-B T 12k bt 1/2 0 .0909 .0901(2) .0900(5) .0912(3) .0941(5) .0913(5) 905) .0910(5) .0933N9)

MeS-A J 4e S 0 0 .125 .1213(7) .1291(5) .1297(3) .1252(0) .1275(L) .1199(4) .1275(8) .1240(5)
Me6-B T 4f I S 113 203 .1364 .1334(6) .1467(7) .1376(2) .1394"3) .1373(0) .1517(91 .1394(g) .1396)5)
Me-A I 4f S 2.3 113 .1477 .1498(3) .1533(9) .15M647) .141142) .1501(0) .1479(01 .1519(3) .1505(9)j
m.eg-BT 1242t. 116 I 1.1 .1919 .1167(g) .1903(3) .1861(7) .1"7944) .1973(4) .1942(l) .1"6R(9) .1993(3_

1-B I Af R 213 Ih.3 .2273 .2201(6) .2235(4) .2236(9) .2245() .2212()) .22526) .223601) .226(k1)
&10-51T 2d f 1R 3 213 .25 . 25 25 .23 .25 .25 -25 .25

W0. 2h R 0 0 2)5 25 25 25 25 25 .25j.2S 25set 4f T 2 13 1•3 077 02( .f7)i

M227 1,02 17 43 61 .0(9)(127W_9) .0217(2) .0356(3).027](2) .026501i
02 12A T 1/6
03 4f T 113 213 .0612 .0655(9) .0435(0) A"999) 06•93) .073(2) .0.26(11106816(6) M06M

04 12A S 1'.5 113
04 14 s 2') .1136 .105 (4) .1023(4) .l09l( )I .11j)W47) 1207(5) .12154(I) .111)( 3) .112(Xg

06 12k e S 1/2 ) .1591 .1597(9) .1516(4) 1576(3) 164(Xg) .1553(7) 1597(3) I966(6) 1641(3)
07 4¢ S 1. t• I
0 8 12A R I 113 116 .2? 041 .19 " 1) 2 030(2) .19 6(6) 2 12203 ), I9( 1)7(7) .2 ) 19'" l) 2 1)1( 2)09 4f" R 1,3 F27- -251010 6h R & I? .2.P .25 .25 25 2 .2) .25 [.2 25

S-_e 3.93 1 3 .61 2.62 2.97 4.17 35 3.42 2.9



Remark) Card•mdes in italic are invariables.
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Figure 2. A typical result of present Rietveld refinement for XRD diffraction patterns of P0 2 21.3 kPa.

be filled only with iron, because X-ray scattering factors of iron and cobalt ions are almost same
and they are indistinguishable. Thus optimized atomic coordinates and lattice parameters,
shown in Table 1, were then submitted to ND pattern refinement. On the ND pattern
refinement, anbther three restrictions were imposed in addition to those mentioned above; (4) the
valences of iron and cobalt ions are Fei and Co2*, and the moment sizes are 5 A and 3 14,
respectively. (5) the valence of iron ion substituted for cobalt is Fe2+ with moment size of 4 t.
(6) these moments orientate up or down as shown in Table 1 [9]. Thus optimized atomic
coordinates are as well tabulated in Table I for comparison with those obtained from XRD data.

Typical results of the present Rietveld analyses for XRD and ND are respectively shown in
Figs. 2 and 3, in which experimental plots and refined patterns are together. Both are for the
samples sintered at Po2 = 21.3 kPa. It is noticed that deviation of the profile from the data
around peaks due to (00!) planes was of significance in the XRD refinements whilst not in the
ND. This significant deviation is reasonably ascribed to preferential orientation of (001) planes
normal to the XRD specimen plate [4, 8]. The sample of the ND was just a powder charged
into a cylinder without any compression and therefore free from such orientation. The
S-parameters associated with the present refinements are given at the bottom of the table.

. BaIC Fe 0 1, P0 =2t.3kPa

IIIII I I I II I 1 1 12 11 Il I [10 11 1 1 1 111 Jill I 1 1 1 1 1i r1i1i

to 15 20 25 30 35 40
28/degree (2 = 0.1006 nre)

Figure 3. A typical result of present Rietveld refinement for ND diffraction patterns of P02 = 21.3 kPa.
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Table 2. Iron and Cobalt site distribution determined by the Rietvelt refinements
of the neutron diffraction data of Po2 = 21.3 kPa.

Sue X=0 .-0.2 1 x.0.4 I x =0.6
LabeL Mulliplicy g: Fraclional Occupalion Number

Spin Wyckoff Block
direclion letUer Fe Co Fe ______ Fe Co
m•c.B T 2a T 0.% 0.04 0.96 0.04 0.98 0.02 1
Me2-AI 4f_ T I - I I
Me3-B 1 4e T I I I 1

Me4-BT t2I 1 bl I - I I - I
McS-A J 4e L S 0.98 0.02 0.99 0.01 0.98 0.02 I
Me6-B T 4f S I I I I
Me7-A I 4f . S I I I I
MeS-B 12k b2 0.68 0.32 0.71 0.29 0.74 0.26 0.77 0.23

meg-B I 4f R I I I -

MelO-5 t 2c I R I 1 I 1 1
Magnetic moment agle #with c-axis 83V 9W W 84-___

Previous our measurements on temperature dependence of the ND patters clearly indicated
that the peaks in a range of 10 - 15 o are caused by the magnetic scattering from ordered
magnetic ions 14]. The Rietveld refinement of the ND patterns can. therefore, throw light on the
distribution of iron and cobalt ions over the ten sites, Mel -Me 10, and orientation of the magnetic
moment. Table 2 shows thus estimated occupation ratios of cobalt located in these sites and
angle between the moment vector and the c-axis. Magnetic moment angles with c-axis listed at
the bottom were found to be almost 900. Cobalt ions were found to be located only in four
sites out of the ten, Mel-BT, Me5-Al, Me8-BI, and MelO-5T, as has been found with samples
sintered under Po2 = 101.3 kPa [4]. Figure 4 shows the occupation numbers of cobalt for the
four sites, which are obtained by multiplying the occupation ratio by each site number. The
present results for P02 = 21.3 kPa are shown on the right-hand side, while the previous our
results for Po2 = 101.3 kPa on the left-hand. A clear difference is noticed between the right-
and the left-hand: Cobalt ions are distributed over the four sites in the left-hand side while
substantially only on a site, Me8T, in the right-hand. When x increases, substituting Fe2

' ions
for cobalt go dominantly into Mel-BT(2a) in case of 101.3 kPa, while into Meg-B I(12k) in case
of P0 2 = 21.3 kPa.

L• MelT 1Dx=O
Ei melt =-O.'

0x =0.4

Me5l

Po Ilka MeST /7 • 7/ / •-

Po 2 = 21.3 kPa

1 .S 0 0 o5 i 1. 2

Occupation number of Co ions/ unit cell

Figure 4. The occupation number of cobalt ions in Ba3Co2.,Fe 24,O 41 .
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Now we examine correlation amongst thus estimated spin orientations of the sites, moment
sizes of ions located there and resultant permeability. As shown in Table 1, there are 32 ions
with up-spin and 20 with down-spin in the unit cell. The present our results indicates that, in the
sample sintered under P0 2 = 101.3 kPa, the down-spin site, Me5 , is significantly occupied by
cobalt with smaller magnetic moment, 3^, than that of iron, which contributes to an increase in
saturation magnetization and then permeability. However, any down spin site seemed not to be
occupied by cobalt when P0 2 = 21.3 kPa. Recall here that the permeability of Po2 = 101.3 kPa
was larger than that of Po2 = 21.3 kPa [3]. These facts are consistent with each other, which
would support reliability of the present analyses and results regarding preferential site occupation
by cobalt and iron ions.

CONCLUSION

We investigated correlation between permeability and magnetic cation distribution in
Ba3Co2.,Fe2+,O 41 (x = 0, 0.2, 0.4, 0.6) prepared by the ceramic method under oxygen partial
pressure P0 2 = 101.3 and 21.3 kPa, and found; (1) Cobalt ions occupy almost a particular site
(12k) out of 10 sites for Po2 = 21.3 kPa, while 4 sites (12k, 4e, 2a and 2d) for Po2 = 101.3 kPa.
(2) The additional Fe2+ ions are mainly substituted for cobalt in 2a site for P0 2 = 101.3 kPa,
while 12k site of P0 2 = 21.3kPa.
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